indicate that such [collagen-proteoglycan] interactions occur in vivo,... , it is probable that interactions between these two classes of macromolecules occur and have prominent roles. (HASCALL and HASCALL, 1981) Summary.
The purpose of this article is to review our knowledge to date of collagenproteoglycan interaction. Many topics have been taken into account in order to provide a reasonably complete picture of this highly complex subject.
Basic information about collagen biology, and an overview of the current concepts and advances regarding proteoglycans, have served as a basis to elucidate collagen-proteoglycan interaction. The bases of some methods of study have been reviewed in order to provide a fuller understanding of the results that are cited in this article. The experimental models and biological examples discussed herein demonstrate that collagen-proteoglycan interaction is essential to the extracellular matrix resiliency. The organization of these macromolecules is critical: collagen molecules become assembled into fibrils, fibrils aggregate to form fibers, fibers associate into bundles of fibers, and proteoglycans in the ground substance play a major role in the ordering process ; on the other hand, glycosaminoglycans (GAGs) are composed of repeating monomers-GAGS linked to a same protein core form a proteoglycan-which, in turn, may bind to a hyaluronic acid molecule to form a proteoglycan aggregate together with other proteoglycans. The histochemical and ultrastructural equivalents of these interactions have been emphasized in order to permit an interpretation of the morphologic aspects that can contribute to distinguishing these macromolecular components when studying tissue sections either under the light microscope or by aid of electron microscopy. INTRODUCTION It is well known that collagen interacts with proteoglycans in vitro , and it has been stated that a "better understanding of these interactions is probably of great biological significance" (NIMNI, 1974) . However, it was not until recently that major advances in our knowledge of the biology of both collagen and proteoglycans considerably facilitated an understanding of their interactions in vivo. Collagen, which was once thought to be a single protein, has been shown to be a family of extracellular proteins that display differing chemical structures , morphology, distributions, functional roles, and pathology (M0NTE5 et al., 1984) .
Collagen is embedded in a colorless, transparent, and homogeneous , amorphous ground substance with which it interacts. Because of the high polysaccharide and water content of the amorphous ground substance, standard fixation procedures have failed to preserve the integrity and supramolecular organization of its components . During the last decade, modern methods have provided significant insight into the molecular organization and physiologic role of proteoglycans.
The study of collagen-proteoglycan interaction was initiated by a series of simple in vitro experiments, and more sophisticated methods were developed later. As it is not the aim of this article to cite all the original contributions, readers are encouraged to refer to recent comprehensive reviews on the subject (LINDAHL and HOoK, 1978; PODRASKY, 1981) .
Since histochemical and electron microscopic observations at our laboratory have shown that collagen-proteoglycan interaction displays a morphological equivalent and can be quantitated in tissue sections (JUNQUEIRA et al., 1980a, b; MONTES and JUNQUEIRA , 1982; , it appeared expedient , to review briefly the biology of collagen-proteoglycan interaction in the light of the current knowledge on the subject . An overview of the current concepts and advances in knowledge regarding collagen and proteoglycans will serve as a basis in order to deal with collagenproteoglycan interaction.
II. COLLAGEN
The significance of collagen in mammalian tissues is underscored by the fact that it represents approximately 30°0 of body protein.
In order to accomodate functional diversity, evolution has given rise to a family of closely related collagen types . At present, five different genetic variants of collagen, denoted as collagen types I-V, have been intensively studied (Table 1) .
A. Common features
All collagens are composed of subunits possessing a triple helix of polypeptide chains . These subunits are known as collagen molecules by biochemists and as tropocollagen by histologists.
These stiff, rodlike molecules (which measure 1.5 nm wide by approximately 280 nm long) tightly assemble into collagen fibrils that are only resolvable when viewed in the electron microscope (Fig. 1 ). The precise regularity with which the collagen molecules overlap one another in a quarter-staggered array endows the fibrillar polymer with a characteristic 64-67 nm banded staining pattern which can be resolved in the electron microscope (Fig. 3) . The striated appearance, as well as the diameter of the resulting fibrils (which is tissue-specific and characteristic of each 1 2 collagen type), is greatly influenced by the association of collagen with proteoglycans and other macromolecules within the ground substance (MHNTES and JUNQUEIRA,1982; SCOTT, ORFORD and HUGHES, 1981) . Collagen fibers consist of parallel arrays of collagen fibrils, and are readily visible under the light microscope (Fig. 8) .
It is apparent that the different collagen types are products of different genes, each reflecting slight variations in a chain primary structure (MILLER, 1976) . However all of them display a characteristic aminoacid composition: 30% glycine, 20-25°o proline and hydroxyproline, and a small but significant amount of hydroxylysine.
Hydroxylysine serves to mediate the binding of polysaccharides to collagen via 0-glycosidic linkages. The number of hydroxylysine residues per a chain is directly proportionate to the amount of polysaccharides that bind to the collagen. The significance of the hydroxylysine content is especially important in collagens that function by primarily interacting with polysaccharide complexes.
For example, the collagen in cartilage (type II) creates a complex matrix with the proteoglycans in the ground substance, while basal laminae collagens intimately associate with glycoproteins.
Consequently, cartilage and basal lamina collagens possess more hydroxylysine (4-9 times) than the fibrous collagens types I and III.
Thus, the analysis of the structure of collagen has provided great insight into understanding the functional characteristics and diversity of this protein. In addition, the synthesis of collagen has been well elucidated and is of interest to molecular biologists as the number of post-translational events that ultimately modify the structure and function of the final product demonstrate the rich pathology of collagen (PROCxoP et al., 1979; MINOR, 1980) . Collagen is extremely stable and resists the action of non-specific proteases. Collagen turnover, which is necessary for tissue growth and remodeling, requires specific enzymes to initiate collagen degradation.
These enzymes, known as animal collagenases, nick the a chain at a very specific and limited site, promoting denaturation of collagen. Once denatured, non-specific proteolytic enzymes take over and readily digest the collagen. Collagenases of bacterial origin cut collagen a chains at several sites, forming small segments and thus can hydrolyze collagen easily. Collagen degradation has been comprehensively reviewed by PEREZ-TAMAYO (1978 Although several reports have described the occurrence of collagen types in tissues and organs, it has been difficult to obtain a distinct identification, specific localization, and precise quantitation of the different collagen types. The description of the bases of the histochemical and electron microscopic methods, and of their limitations, will be emphasized in order to provide a clue to understanding the results that will be discussed in this review article. Electron micrographs of the cross-sectional appearance of reticular (left) and collagen (right) fibers. Note that each fiber type is composed of numerous smaller collagen fibrils. Each reticular fiber (R) is composed of a few fibrils of significantly narrower diameter (see histogram inset), and-in addition-the constituent fibrils reveal an abundant surface-associated granularity not present on the numerous fibrils that form a collagen fiber (C). x 32,500 A transverse section across the perineurium of a rat intercostal nerve.
Compare the closely packed, thick collagen fibrils in the epineurium (left) with the thinner fibrils in the endoneurium (right) x 22,000. (Reproduced, with permission, from MoNTES et al., 1980) This electron micrograph includes part of a coll<i, n fiber in the epineurium of a human sural nerve.
Observe the close packing and large diameter of collagen type I fibrils. In the upper region, longitudinal sections of these fibrils show the characteristic banded staining pattern which is particularly evident in this type of collagen. x 60,000. (Reproduced, with permission, from MONTES and JUNQUEIRA, 1982) Electron micrograph of a reticular fiber in the endoneurium of a human sural nerve. Compare the loose disposition and uniform diameters of the thin collagen type III fibrils with those of the thicker epineurial fibrils shown at the same magnification in Fig. 3 . Note the abundant interfibrillary material forming bridges that connect the collagen fibrils. Surrounding the cellular portions present in this picture, typical basement membranes can be seen (arrowheads). x 60,000. (Reproduced, with permission, from MONTES and JUNQUEIRA, 1982) I
Chemical methods
These include extraction of the collagens, with or without enzymatic digestions, followed by purification using differential salt precipitation and chromatography. Another chemical method used to assess collagen-type occurrence consists of quantitating specific marker peptides generated by Cyanogen Bromide (CNBr) digestion of the whole tissue. Limitations of these techniques include preferential extraction of one collagen type over another (probably due to differences in cross-linking and in association with other macromolecules), losses resulting from the purification procedure (BORNSTEIN and SAGE, 1980) , and even unnoticed inclusion of adjacent tissues in the samples.
Immunohistology
The molecules of the various collagen types contain different antigenic determinants and can therefore be distinguished by specific antibodies (TIMPL, WICK and GAY, 1977) .
Antibodies against one of the different types of collagen are raised in rabbits, or other animals, and purified by affinity methods. Tissue sections are then incubated with the antibodies that can thus bind to tissue antigens.
To make the sites of reaction evident, antibodies are linked to peroxidase and-after the incubation of tissue slices-bound antibodies are reacted with diaminobenzidine in the presence of hydrogen peroxide prior to examination in the electron microscope (KARIM, COURNIL and LEBLOND, 1979) . For optical microscopy, cryostat sections are submitted to an indirect immunofluorescent staining and studied under a fluorescence microscope (SHELLSWELL et al., 1979) .
Although immunohistologic methods have been widely used to localize the different collagen types in tissue sections (GAY and MILLER, 1978) , an unambiguous identification of each collagen type has been very difficult to achieve. The limitations of this method include insufficient purification of the antigens (it being difficult to remove all the contaminating non-collagenous proteins), and of the antibodies, since all unspecific antibodies must be removed (voN DER MARK, 1981) . Equally important, but often difficult to control or evaluate, is the fact that collagen fibers may be partially masked or may not react completely with the antibody reagents, since it has been shown that each collagen type interacts differently (considering both the quantitative and qualitative aspects) with the ground substance (JUNQUEIRA et al., 1980a; JUNQUEIRA, TOLEDO and MONTES, 1981) .
Histochemistry
As collagen molecules are orderly disposed in a parallel orientation, a normal birefringence is one of the classic characteristics of collagenous structures.
Collagen molecules, being rich in basic aminoacids, strongly react with acidic dyes. Sirius Red, an elongated strongly acidic dye, reacts with collagen and promotes the enhancement of its normal birefringence due to the fact that many (about 120) dye molecules are attached to each collagen molecule in such a way that their long axes are parallel (JUNQUEIRA, BIGNOLAS and BRENTANI, 1979) . The enhancement of birefringence promoted by the Picrosirius-polarization method is specific for collagen. This method, being specific for collagen detection in tissue sections, has proved to be more useful for studying collagen distribution in histological slides than the routinely used trichrome techniques (Fig. 5, 6 ).
Interstitial collagens display different interference colors, and intensities, of birefringence in tissue sections studied by the Picrosirius-polarization method. A com- parative study of vertebrate organs by this method disclosed a striking correlation between the localization of the different colors and intensities of birefringence, and the thus far described biochemical distribution of collagen types I, II and III, which led JUNQUEIRA, COSSERMELLI and BRENTANI (1978) to postulate that these different collagen types could be distinguished in tissue sections by the Picrosirius-polarization method. Their results demonstrated that collagen type I (which corresponds to what have been classically called collagen fibers by histologists) shows up as thick, strongly birefringent, yellow or red fibers; while collagen type III appears under the form of thin, weakly birefringent, greenish fibers that could be identified as reticular fibers (Fig. 7, 8,11 ). Collagen type II, which is present in hyaline and elastic cartilages, does not form fibers and displays a weak birefringence of a variable color (ZAMBRANo et al., 1982) (Fig. 9) .
The observation that collagen types I, II and III show different colors and intensities of birefringence in the same tissue section (JUNQUEIRA, COSSERMELLI and BRENTANI, 1978) can be explained by the widely known fact these different interstitial collagens display distinct patterns of physical aggregation (LAPIERE, NUSGENS and PIERARD,1977; BORNSTEIN and SAGE, 1980; EYRE,1980; MINOR, 1980) . Thus, collagen type I forms thick fibers (collagen fibers), composed of closely packed thick fibrils (JUNQUEIRA, MONTES and KRISZTAN, 1979; MONTES et al., 1980; CARRASCO et al., 1981; MONTES and JUNQUEIRA,1982) , and consequently presents an intense birefringence with yellow to red colors. Collagen type III forms thin fibers (reticular fibers) composed of loosely packed thin fibrils (JUNQUEIRA, MONTES and KRISZTAN, 1979; MONTES et al., 1980; CARRAScO et al., 1981; MONTES and JUNQUEIRA, 1982) , and thus displays a weak birefringence of a greenish color. Collagen type II (which is present in hyaline and elastic cartilages) does not form fibers, and its very thin fibrils are disposed as a loose mesh that strongly interacts with the ground substance.
This type of physical aggregation results in a weak birefringence, and a varying color, both of which depend on Sections of the gastric mucosa of a frog. A. This histological preparation was stained by Mallory's trichrome technique; observe that this method is not especially useful for collagen which assumes varying shades of grayish blue. B. An adjacent section stained in the Picrosirius solution (and counterstained with hematoxylin), and observed with unpolarized light, shows that collagen takes on a deep red color and shows up sharply in the entire lamina propria all the way up to the surface epithelium, compare the crisp localization of collagen by this stain with the picture obtained when using the trichrome technique shown in A. When the same field of the Picrosirius-stained section is observed under the polarizing microscope (C) the normal birefringence of collagen is enhanced and collagenous structures show up as brightly birefringent structures against a dark background. The enhancement of birefringence in Picrosirius-stained sections studied by polarization microscopy has been shown to be specific for collagen. x 100 the interaction of collagen molecules with the ground substance (ZAMBRANO et al., 1982) . It is thus evident that, in the 5 to 7 pm sections routinely used in histology, the different colors and intensities of birefringence displayed by collagen types I, II or III, are due to differences in their patterns of physical aggregation. This is the reason why it has never been claimed that a specific chemical interaction occurs between Plcroslrlus and the different collagen types (JUNQUEIRA, COSSERMELLI and BRENTANI, 1978; JUNQUEIRA, BIGNOLAS and BRENTANI, 1979; MONTES and JUNQUEIRA, 1982; JUN-QUEIRA, MONTES and SANCHEZ, 1982) .
This method has proved to be useful for the study of collagen distribution in tissue sections with different purposes (for review, see MONTES and JUNQUEIRA, 1982) . However, in the early stages of the development of this method, it became evident that tissue section thickness affects the color and intensity of birefringence displayed by collagen, for folds in tissue sections are more strongly birefringent and present a different color when compared to the surrounding tissue. The influence of tissue section thickness on the color and intensity of birefringence displayed by collagen when observed by the Picrosirius-polarization method has recently been studied . The results reported clearly show that color and intensity of birefringence are a function of collagen thickness.
The fact that color and intensity of birefringence depend on collagen fiber thickness has also been reported by PEREZ-TAMAYO and MONTFORT (1980) . In the abovementioned paper, the authors confirm, with a different methodology, the results regarding the Picrosirius-polarization method that had been published previously, stating "That the color of collagen birefringence is determined by the diameter of the fiber and not by its genetic type simply confirms the current view of JUNQUEIRA... ".
Furthermore, these same authors state that "in all normal tissues of adult animals the various diameters of their extracellular collagen fibers probably depend as much on their respective genetic type as on their antigenic specificity: both features are ultimately determined by the primary structure of the polypeptide subunits of the repeating monomers" (PEREZ-TAMAYO and MONTFORT, 1980) . This discussion shows the usefulness of this method for studying the distribution of the different interstitial collagen types in tissue sections from normal adult organs. It also explains why, as has been stated previously (PEREZ-TAMAYO and MONTFORT, 1980) , care should be taken when interpreting pictures obtained studying embryonic or pathologic material, where processes involving intense collagen production or degradation are frequent. Photomicrograph of a hyaline cartilage stained with Picrosirius and observed by polarization microscopy.
All birefringent structures that show up against the dark background are collagen, which usually does not stand out from the amorphous ground substance in routine histologic preparations.
x 200 Section of a lens showing that the lens capsule (arrows), overlying the epithelial monolayer, is darkly stained by Sirius red (A) and displays a distinct birefringence when studied with polarizing microscopy (B). Picrosirius-hematoxylin.
x 500 Adjacent serial sections of the inner muscular layer of the dog small intestine. A. This preparation was treated with the double staining method (silver impregnation technique followed by staining in the Picrosirius solution) described by MoNTES et al. (1980) . B. This section is observed by the Picrosirius-polarization method. Note the striking correspondence in the distribution of the reticular fibers that surround the smooth muscle cells (A), with the localization of the thin, weakly birefringent, collagen type III fibers disclosed by the Picrosirius-polarization method (B). The adventitia of blood vessels is composed of nonargyrophilic, thick, strongly birefringent, collagen type I fibers (asterisk). x 500
However, this method can also be of value for the study of collagen degradation (JUNQUEIRA et al., 1980c; KUTTAN and DI FERRANTE, 1980; PEREZ-TAMAYO and MONTFORT, 1980) provided that, under these conditions, one should be cautious regarding the characterization of collagen types.
Electron microscopy
Ultrastructural observations on the connective tissue of several organs in representative species of the main vertebrate classes disclosed the presence of two distinct populations of collagen fibrils in all sites examined (JUNQUEIRA, MONTES and KRISZTAN, 1979; MONTES et al., 1980; CARRASco et al., 1981; MONTES and JUNQUEIRA, 1982) . These two distinct populations of collagen fibrils could be recognized on the basis of their diameters, and their either loose or compact arrangement (Fig. 2) .
One population is formed of thicker fibrils, with marked variation in diameter, arranged in densely packed blocks. The second population is composed of loosely packed thin fibrils of more uniform diameter (Fig. 2, 3, 4, 12) .
In certain anatomical sites (for example in nerves, arteries, smooth muscle, etc.) these two distinct fibril populations were found to be segregated into different compartments . The comparative study of these two collagen fibril populations in those anatomical sites by electron microscopy disclosed a striking correlation between the localization of the two different populations, and the described biochemical and immunohistologic distribution of collagen types I and III, which led MoNTES et al. (1980) to postulate that collagen type I forms thicker fibrils than collagen type III. A correspondence could also be established between the localization of the thicker fibrils and the presence of collagen fibers in histological slides; the same could be said for the distribution of thinner fibrils at the sites where reticular fibers could be localized by silver impregnation techniques (Fig. 11) .
Different collagen fibril diameters had been previously reported in nerves (THOMAS, 1963) and in other organs (SNODGRASS,1977) , although the difference in fibril diameters was not related to the type of collagen.
It is interesting to observe that, in the more recent papers where collagen fibril diameter was related to collagen type distribution in tissues (JUNQUEIRA, MONTES and KRISZTAN, 1979; MONTES et al., 1980; CARRASco et al., 1981) , the morphometric and statistical studies performed provided results which are similar to the approximate values available in the previous reports.
Ultrastructural research using freeze fracture techniques (REALE, BENAZZO and RUGGERI, 1981) support the transmission electron microscopic findings; showing that collagen type III fibrils present a relatively small and uniform diameter when compared to collagen type I. In addition, scanning electron microscopy of the in vitro recon- Graph illustrating the distribution of col lagen fibril diameters in the endo-andepineurium of a human sural nerve, showing that each compartment is the site of a different population. stitution of collagen polymers demonstrated the formation of thick bundles of pure collagen type I and thin isolated fibers of type III, showing that the chemical structure of collagen molecules determines their physical aggregation (LAPIERE, NusGENS and PIERARD, 1977) .
No exception has so far been reported to this ultrastructural evidence that permits the characterization of interstitial collagen types by means of the routinely used transmission electron microscopy.
However, all papers published to date using electron microscopy to study collagen type distribution in tissues, have also used the histochemical characterization of collagen types and have discussed the available chemical and immunohistologic data in order to corroborate the ultrastructural findings (JUNQUEIRA, MONTES and KRISZTAN, 1979; MONTES et al., 1980; CARRAScO et al., 1981) .
C. General distribution of collagen types
Although all collagens have common structural features, each structurally distinct collagen type is characterized by its chemical structure, functional properties, interaction with the ground substance, pathology, morphology, and distribution (Table 1 ).
Collagen appears in some shape or form in virtually every tissue. Although each tissue may contain several types of collagen, the relative proportions of each of the different collagen types are tissue-specific (M0NTE5 et al., 1984) .
The different collagen types may be segregated into two major classes. Most familiar are the fibrillar, interstitial collagens which form the bulk of the major connective tissues. Less abundant and as yet poorly defined collagens can be assigned to a second group that includes basement membrane collagens and others that appear to be located in the immediate pericellular environment.
Collagens of the latter group do not form fibrils, and thus little information is obtained when observing them under the electron microscope; moreover, these collagen types are being actively studied at present and are still a matter of controversy.
For the above-mentioned reasons, this review will deal mainly with the interactions between proteoglycans and the fibrillar, interstitial collagens.
Collagen type 1
This type of collagen forms the bulk of the vertebrate body collagen and accounts for about 90°0 of the collagen in mammals, being the most abundant collagen in bones and tendons. Collagen type I is predominant in the skin, organ capsules, f asciae, ligaments, dentin, perichondrium, and fibrous cartilages. Fibroblasts, osteoblasts and odontoblasts produce this type of collagen.
Collagen type I forms the thick (2-10 tcm) collagen fibers that have long been observed by histologists under the light microscope.
When studied by the Picrosiriuspolarization method these fibers show up as thick, strongly birefringent, yellow or red fibers (Fig. 7, 8) .
The electron microscopic picture of collagen type I fibers shows bundles of tightly packed, thick (average diameter: 75 nm) fibrils that leave little room for the ground substance ( Fig. 2, 3 ; Tables 1-3) . When observed in longitudinal sections, these fibrils present a characteristic periodic transverse striation, resulting in a 64-67 nm banded staining pattern, which is typical of collagen and is particularly clear in this collagen type because of its limited interaction with masking ground substances (Fig. 3) . The above-mentioned typical ultrastructural features differ from those of collagen types II and III, and permit their characterization by means of electron microscopy. 
Collagen type II
This is found in hyaline and elastic cartilages, and is produced by chondroblasts. This type of collagen forms thin (average diameter: 25 nm) fibrils that form a meshwork in association with large amounts of proteoglycans (Table 1) .
Because of the above-mentioned characteristics of collagen type II, this type of collagen is not visible by usual light microscopic methods.
However, oriented populations of collagen type II fibrils become evident when studied by the Picrosirius-polarization method (Fig. 13) (ZAMBRANO et al., 1982) .
A comparative study of collagen type II fibrils in different cartilages shows that their diameters are extremely variable.
With the exception of articular cartilage, in all the other hyaline cartilages as well as in all elastic cartilages, collagen type II is observed under the electron microscope as forming a loose meshwork of thin fibrils that show a very small and regular diameter (Fig. 14) . On the other hand, fibril diameters are larger and more variable in articular cartilages (resembling the collagen type I fibril diameters of fibrous cartilages, which suggests that collagen fibrils in cartilages that support high pressures such as articular and fibrous cartilages differ from the collagen fibrils of the hyaline and elastic cartilages not subjected to strong pressures) (ZAMBRANO et al., 1982) .
The characteristic banding pattern of collagen, clearly visible in fibrous cartilages which contain collagen type I (Fig. 15) , is less evident in hyaline and elastic cartilages; this is probably due to a masking effect of the abundant interfibrillary material.
Collagen type III
This type of collagen has been found only in tissues that also contain collagen type I (such as the uterus, arteries, skin, intestines, lung, spleen, liver, kidney, etc.). It is present in many organs and is mainly, but not exclusively, related to smooth muscle cells. Thus, in arteries, it is located in the tunica media of these structures (in the extracellular spaces of the concentric layers of muscle cells) (CARRASco et al., 1981) ; while the adventitial layer and veins are composed mainly of collagen type I. In intestines, it is present in the muscular layers and lamina propria. In the uterus, an organ composed predominantly of fibrous and muscular tissues, it is mainly associated with the muscular component.
Preliminary immunohistologic results have been presented suggesting that thin BECKER et al., 1976) . Histochemical evidence has been reported demonstrating that collagen type III can be observed under the light microscope in the form of thin (0.5-2 gym) argyrophilic, weakly birefringent, greenish fibers, which are the equivalent of the reticular fibers described by histologists (Fig. 11) .
In all tissues studied, the presence of these thin argyrophilic weakly birefringent fibers shows a striking correlation with the localization of collagen type III by means of biochemical and immunohistologic methods (M0NTE5 et al., 1980) .
When observed under the electron microscope, reticular fibers are composed of a loosely packed bunch of thin (average diameter: 45 nm) fibrils (Fig. 1) . The interfibrillary space presents abundant thin and short, irregular, electron-dispersing bridges that unite these fibrils (Fig. 4) . The above-mentioned differences between the arrangement and diameter of the fibrillary components in collagens type I and type III are clearly evident in Tables 2 and 3, and Figures 2-4. Recently, reticular fibers have been found to be the main fibrillary component of the extracellular matrix in three different locations: the connective tissue surrounding the axon of nerves (endoneurium); the tunica media of the rat aorta, and the inner muscular layer of the dog small intestine CARRASCO et al., 1981) . Biochemical studies on this material should give convincing results regarding the collagen type present in reticular fibers. The argyrophilia of these fibers, by the way, has been shown to be due to its carbohydrate, and not its protein (collagen), moiety (SNODGRASS, 1977; MONTES et al., 1980) . Collagen type III is produced by smooth muscle cells, fibroblasts, reticular cells of hemopoietic organs, liver cells, and Schwann cells of the peripheral nervous system. Studies of Schwann cell tumours and of the infection of Schwann cells by Mycobacterium leprae, together with other observations in the literature (NATHANIEL, and PEASE, 1963; BUNGE et al., 1980) , strongly suggest that Schwann cells produce type III collagen (JUNQUEIRA, MONTES and BEZERRA, 1979; JUNQUEIRA, MONTES and KRISZTAN, 1979; JUNQUEIRA et al., 1980d JUNQUEIRA et al., , 1981b . Biochemical studies on this material would be of interest to give stronger support to these results.
Collagen type III is always present in tissues and organs that require a motile structural scaffolding, such as arteries, muscular layers of the intestine, uterus, etc. with polarization microscopy. Though cartilage possesses a typical structure that results in a three-dimensional network of collagen fibrils, this method discloses that the whole system shows preferential orientations of the fibril directions. Thus, in the upper region collagen is disposed parallel to the articular surface, while the collagen in the deeper layers (lower region) shows a perpendicular orientation. A recent report (ZAMBRANO et al., 1982) has shown that the different types of cartilage present characteristic patterns of collagen arrangement which are related to their function. x 330. (Reproduced, with permission, from ZAMBRANO et al., 1982) Fig . 14.
Electron micrograph of a hyaline cartilage.
Observe that the very thin collagen type II fibrils (in which the characteristic banding pattern is not clearly evident) are oriented in several directions forming a three-dimensional network.
x 22,000 Section across a rat knee-joint meniscus. Observe that the collagen type I fibrils (at right) are thick, present a clearly distinct cross striation, and are assembled to form a fiber (these characteristics differing from those of the collagen type II fibrils in the hyaline cartilage shown at the same magnification in Fig. 14) . x 22,000. (Reproduced, with permission, from ZAMBRANO et al., 1982) Reticular fibers, whose fibrils are loosely bound by mobile bridges of protein-carbohydrate complexes, very probably present biomechanical properties compatible with the above-mentioned characteristics.
Basement membrane collagens
At least two types of collagen have been characterized in structures identified morphologically as basement membranes (Table 1) . The chemical structure and other characteristics of the types of collagen that are associated with glycoproteins and also with proteoglycans in basement membranes is still a subject of controversy. However, it is accepted that basement membrane collagens do not form visible fibrils or fibers. Very thin microfibrils can be seen under the electron microscope (Fig.  4) . Several authors are of the opinion that these microfibrils are arranged randomly, forming a tight feltwork-like structure (FARQUHAR, 1978; ScHWARTZ and VEIS, 1980) . In spite of this, a clear birefringence can be detected in many basement membranes studied by means of the Picrosirius-polarization method, which demonstrates that there are collagen molecules orderly disposed in basement membranes ( Fig. 10) (JUNQUEIRA et al., 1983a) .
The collagen isolated from lens capsules and glomerular basement membranes was denoted as collagen type IV. In these structures, collagen type IV is associated with large amounts of glycoproteins and with very small quantities of proteoglycan.
Recent reports have only detected heparan sulfate proteoglycan in both structures (KANWAR and FARQUHAR, 1979; JUNQUEIRA et al., 1983a) .
Two main functions are widely accepted for basement membrane collagens. The first relates to a structural support, and separation, for epithelial cells. The second refers to the function of basement membranes as filters; this function has been well studied in the renal glomerulus.
Summary of collagen distribution in tissues
In summing up, the results discussed so far strongly suggest that collagen type I forms the collagen fibers, and collagen type III the reticular fibers of the light microscopists; while collagen type II is identified with hyaline and elastic cartilages and type IV is localized to basement membranes (MANTES et al., 1984) .
Therefore, in all sites where collagen fibers have been described (such as tendons , f asciae, organ capsules, the adventitial layer of blood vessels, dermis, and submucous layer of the digestive tube), closely packed, thick collagen fibrils of variable diameters with a clearly evident banded staining pattern have been observed under the electron microscope ( Fig. 1-3) . On the other hand, in all structures to which reticular fibers have been localized (such as endoneurium, arterial tunica media, mucosal lamina propria and smooth muscle layers of the gastrointestinal tract, and the reticular network of parenchymatous organs such as the liver, kidney and lung), loosely disposed, thin collagen fibrils of more uniform diameters have been detected by means of electron microscopy ( Fig. 1, 2, 4) .
Collagen fibers show up in the form of thick, brilliant (strongly birefringent), yellow or red fibers against a dark background when studied by the Picrosirius-polarization method; whereas reticular fibers display a weak birefringence and are characterized by their thinness and greenish color (Fig. 7, 8) .
The above-mentioned features provide a general background for understanding the distribution of the different collagen types in the various organs (MANTES et al., 1984) .
III. PROTEOGLYCANS
The amorphous ground substance that fills the space between cells and fibers of the connective tissue is basically composed of macromolecules and bound water (water of solvation). The macromolecules of the ground substance can be grouped into two main classes: glycosaminoglycans (formerly known as acid mucopolysaccharides) and structural glycoproteins.
A. General characteristics of proteoglycans and glycosaminoglycans Glycosaminoglycans (GAGS) are a family of heterogeneous polysaccharides, generally composed of repeating disaccharides consisting of a hexosamine (usually N-acetylglucosamine or N-acetyl-galactosamine) glycosidically bound to either uronic (glucuronic or iduronic) acid or galactose.
With the exception of hyaluronic acid, all GAGS characteristically possess sulfated sugars. Glycosaminoglycan function is primarily related to its polyanionic configuration, a consequence of the large number of carboxyl and sulfate groups on the carbohydrate moieties. In solutions containing GAGS, the polysaccharide chains electrostatically repel one another, and as a result they uniformly disperse and "fill" any space available. This behavior directly accounts for one of the principal functions of GAGS, which is to serve as a space filler by physically surrounding and encapsulating connective tissue cells and extracellular fibers.
The high density of anionic charges also influences the functional behavior of the ground substance in other ways. In fact, the electrostatic interaction among the entangled GAGS and their ability to bind to protein leads to the formation of an interlocked supramolecular matrix. In addition, GAGS play an important role in regulating the amount of water in connective tissue. Each molecule of glycosaminoglycan is extremely hydrophilic and combines with a large number of water molecules. Almost all water present in the amorphous intercellular substance of connective tissue is in the form of solvation water of glycosaminoglycan molecules. It is well known that GAGS do not normally occur as free polymers in tissues, but are covalently linked to a protein core forming complexes known as proteoglycans (BRANDT, 1981) .
Proteoglycans differ structurally from glycoproteins: in the latter the carbohydrate exists as heteropolysaccharides rather than homogeneous disaccharide repeating units. In addition, structural glycoproteins are basically all protein, possessing only a minor carbohydrate component (5-10% by weight). Fibronectin is the best understood and characterized of the ground substance glycoproteins; laminin and chondronectin are being actively studied at present (for review, see .
With the exception of hyaluronic acid, most GAGS in tissue are linked covalently to protein, forming complexes known as proteoglycans.
In these protein-polysaccharide complexes, the protein moieties always represent a smaller proportion of the molecule than the numerous glycosaminoglycan side chains. Of the proteoglycans, the best characterized in regard to structure and function are those present in cartilage. These proteoglycans possess a central or core protein each, from which extend approximately 80 glycosaminoglycan chains bound to serine residues of the core protein. Structural and functional characteristics of proteoglycans. This diagram depicts part of a cartilage proteoglycan aggregate. Observe that several proteoglycans (PG) are associated with a central strand of hyaluronic acid (HA). The chemical structure of a typical cartilage PG is shown schematically: each PG resembles a bottle-brush consisting of a central filament (the backbone proteinic core: PC) and numerous projections of polysaccharides along its length which correspond to the bristles. The latter are the glycosaminoglycans: (GAGS). Chondroitin sulfate chains are the predominant component of the cartilage proteoglycans, which also contain small amounts of keratan sulfate. Linking proteins (LP) covalently bind the PC of PGs to the linear HA molecules. Because of their high carboxylate and sulfate content, GAGs are polyanions, possessing arrays of negatively charged groups. Adjacent GAG chains on the PG, therefore, strongly repel each other. As a result of this charge repulsion, the PC and the GAG chains tend to be fully extended in the cartilage so that each PG, in attempting to occupy the largest possible molecular domain, encompasses a very large volume of solvation water of GAG molecules (stippled area). When cartilage is subjected to a compressive load, the solvent is displaced from the molecular domain; however, the high negative charge density which is characteristic of the intramolecular interactions between the relatively stiff and polyanionic GAGs is increased (upper left corner). Because of the intermolecular competition between PG molecules for available solvent, when the load is removed, the molecular domains can expand again.
forming proteoglycan aggregates (Fig. 16, 17 ) (HASCALL and HASCALL, 1981) . Chondroitin sulfate chains are the predominant GAGs of the cartilage proteoglycans and they specifically bind to collagen type II (JUNQUEIRA, TOLEDO and MoNTES, 1981) . As a consequence of electrostatic repulsion, the polysaccharide chains repel one another and ultimately fill all of the space around the collagen fibrils. In this interaction, the collagen fibril arrays define the shape and provide the tensile strength of the cartilage matrix, and the hydrated proteoglycans are responsible for the gelation of the matrix, which maintains the shape and provides for the compressibility of cartilage.
The principal glycosaminoglycan components of the amorphous ground substance are hyaluronic acid and a closely related family of sulfated polysaccharides which includes chondroitin sulfate, dermatan sulfate, and heparan sulfate, among others (Table 4) .
Hyaluronic acid, the most abundant and ubiquitous of the GAGs, is composed of Schematic representation of the macromolecular organization of cartilage extracellular matrix. As a result of the polyanionicity and the localization of sulfate and carboxyl groups of proteoglycans, the negative charge concentration within the domain of each molecule is very high. Proteoglvcans are thereby able to participate extensively in intermolecular electrostatic interactions with adjacent molecules, such as collagen. Thus, cartilage extracellular matrix is a composite structure of collagen type II fibrils with intertwining proteoglycan aggregates. Link proteins (LP) covalently bind the protein core (PC) of proteoglycans to the linear hyaluronic acid (HA) molecules. The chondroitin sulfate (CS) side chains of the proteoglycan electrostatically bind to the collagen fibrils, forming a cross-linked rigid matrix. about 2,500 repetitive disaccharide units. Thus, this unbranched linear molecule is large enough to be visualized in the electron microscope. In solution, the overlapping and entanglement of the heavily hydrated hyaluronic acid molecules are responsible, at least in part, for the viscous nature of the amorphous ground substance.
Relatively rich solutions of hyaluronic acid serve as lubricants, space fillers (vitreous humor of the eye), and shock absorbers (nucleus pulposus of the intervertebral disk). The synthesis of proteoglycans begins at the granular endoplasmic reticulum by the synthesis of their core protein, which must precede initiation of glycosaminoglycan synthesis.
Then the carbohydrate chains are added, one sugar at a time, starting with the attachment of xylose to serine in a structurally specific linkage region. Glycosylation is initiated in the reticulum and completed in the Golgi apparatus where the sulf ation also occurs (the latter takes place after the monosaccharide has been linked into the growing chain).
Several cell types are responsible for the degradation of proteoglycans, which depends on the presence of lysosomal enzymes. The turnover of these compounds is rapid: 2-4 days for hyaluronic acid and 7-10 days for sulfated GAGS, which contrasts with the very slow turnover that is characteristic of collagen.
While excessive breakdown of GAGs in articular cartilage is important in the pathogenesis of various diseases of the joints (e.g., osteoarthritis, rheumatoid arthritis), incomplete degradation of GAGS is responsible for another group of disorders: the genetic mucopolysaccharidoses.
In these genetic diseases, due to a deficiency in lysosomal enzymes, glycosaminoglycan degradation is blocked with a consequent accumulation of these compounds in tissues. Lack of hydrolase in lysosomes has been found as the cause of several disorders in humans, including Hurler's, Sanfilippo,and Morquio's syndromes (BRANDT,198U.
B. Sulfated glycosaminoglycans
In addition to hyaluronic acid, biochemical assays revealed the existence of at least 6 other closely related GAGS that are present in the amorphous ground substance (BRANDT, 1981) . These other GAGS are similar to hyaluronic acid in that they consist of repetitive disaccharide units. Unlike hyaluronic acid, the polysaccharide chains are relatively short and generally do not contain more than 40 disaccharide units. Most importantly, in these GAGS, 50°0 or more of the saccharide moieties are sulfated.
The large number of anionic carboxyl and sulfate groups in the sulfated GAGS leads to extensive electrostatic binding to extracellular proteins.
Unlike the viscous solutions produced by hyaluronic acid, cross-linked sulfated GAGs in solution form gelatin-like structures that tend to resist deformation and absorb shock by their ability to withstand compression.
Sulfated GAGS can be distinguished by their monomer composition, by the position and configuration of their glycosidic linkages, and by the location and number of their Agarose gel electrophoresis of glycosaminoglycans isolated from I) dog antebrachial fascia (which contains collagen type I); II) dog thyroid cartilage (which contains collagen type II); and III) the inner muscular layer of the dog small intestine (which contains collagen type III). At left, standard chondroitin 4/6-sulfates (CHS), dermatan sulfate (DS), and heparan sulfate (HS). (Reproduced, with permission, from JUNQUEIRA et al, 1981a) sulfate groups. Chondroitin sulfate has a rather simple structure while others, such as dermatan sulfate and heparan sulfate, may contain a great number of different disaccharide units, arranged either in block structures or in less well-ordered, complex sequences (LINDAHL and HooK,1978) . The most abundant of the sulfated GAGS is chondroitin sulfate, which exists in two isomeric forms: chondroitin 4-sulfate and chondroitin 6-sulfate. These forms differ in the position that the sulfate ester occupies on the galactosamine.
The sulfated product usually contains about one sulfate group per dissacharide residue although considerable deviations from this ratio have been reported.
Individual chondroitin sulfate chains usually contain sulfate groups in either 4-or 6-positions but may also be sulfated in both positions.
Chondroitin sulfates constitute the major GAGS present in cartilage and bone; they also occur in soft connective tissues.
Dermatan sulfate differs from chondroitin sulfate in that it contains predominantly L-iduronic acid, rather than D-glucuronic acid. Since the purified glycosaminoglycan chain invariably contains some D-glucuronic acid residues, which are in disaccharide units identical to those of chondroitin sulfate, dermatan sulfate may be considered a hybrid molecule or a co-polymer of chondroitin sulfate (BRANDT,1981) .
Heparan sulfate contains glucosamine as amino sugar and, in addition to the conventional ester sulfate, some of the amino sugars contain an N-sulfate group, which is unique to heparan sulfate and heparin.
Heparin bears close structural similarity to heparan sulfate, and thus these two GAGS can be regarded as a family of related molecules (BRANDT, 1981) . The L-iduronic acid/D-glucuronic acid ratio generally increases with the rising sulfate content; low-sulfated, D-glucuronic acid rich polysaccharides are usually designated heparan sulfate while high-sulfated, L-iduronic acid rich species are classified as heparin (LINDAHL and HOOK, 1978) .
Heparin is synthesized and stored in tissue mast cells, and therefore is not a component of the connective tissue matrix. Occasionally, mast cell granules are secreted into the connective tissue but no structural role of heparin has been reported so far.
All GAGs, except hyaluronic acid (which lacks sulfate groups) and keratan sulfate (which lacks carboxyl groups) bind to collagen by electrostatic interaction at physiological pH and ionic strength (LINDAHL and HOOK, 1978) .
C.
Methods of study
The viscosity, which is typical of the amorphous ground substance, is due to its high content of bound water (water of solvation) that surrounds the hydrophilic macromolecules. The fact that the ground substance is both amorphous and contains a lot of water makes it difficult to study this material by aid of light or electron microscopy in both fresh and fixed tissues.
Electron microscopy
When adequately fixed, the macromolecular components of the amorphous ground substance aggregate and can be disclosed as coarse granules, or multiform branching structures (frequently bound to collagen fibrils), under the electron microscope. A series of methods was developed to permit the observation of proteoglycans by aid of electron microscopy.
Not only did these methods permit the observation of isolated proteoglycan molecules (ROSENBERG, HELLMANN and KLEINSCHMIDT, 1975) but it was also possible to localize structures that could be identified as proteoglycans in connective tissues.
These methods are based on the "stainability" of proteoglycans by Ruthenium Red, Alcian Blue, and Saf ranin 0, for electron microscopy, associated with a previous treatment of the material studied with enzymes that would hydrolyze proteoglycans. These studies showed that the best results were obtained with Saf ranin 0 (probably due to its low molecular weight, and cationic activity, that permitted a better penetrability; and also the precipitation of proteoglycans in the tissues during fixation) (SHEPARD and MITCHELL, 1976) , and with ~apain that promotes the hydrolysis of 900 of the proteoglycans (THYBERG, LOHMANDER and FRIBERG, 1973) .
The results obtained with the above-mentioned methods showed that, in cartilage, proteoglycans are observed under the electron microscope as coarse granules, or multiform branching structures, frequently attached to collagen fibrils (Fig. 4) (SHEPARD and MITCHELL, 1976; HASCALL, 1980) . This attachment occurs in several, but not all, regions of the cartilage in a periodic fashion, suggesting the presence of periodicity in the binding sites of collagen to proteoglycans. When tissues were previously incubated with papain, hyaluronidase or chondroitinases (enzymes which are known to degrade proteoglycans, as will be seen below), the absence of stained material was observed in the amorphous component of the matrix, leaving only the naked collagen fibrils (SHEPARD and MITCHELL, 1976) .
Histochemistry
The presence of some macromolecular components of the amorphous ground substance can be demonstrated in the light microscope by aid of histochemical reactions (Fig. 22) . By histochemical methods it is possible to distinguish acid from neutral protein-bound polysacharides.
It is also possible to differentiate acid structures containing sulfated radicals (for instance, heparin or chondroitin sulfates)from others which are known as carboxylated compounds (namely, hyaluronic acid) (Coox,1977) . The use of the digestion of tissue sections by specific mucopolysaccharidases associated with histochemical staining methods provides a good means of localizing the different GAGS in organs under the light microscope (MoRALES et a!.,1980; MONTE5 et al., 1982) .
Chemical methods
In tissues and organs that can be perfectly isolated by aid of dissection to avoid inclusion of adjacent tissues in the sample, biochemical methods have been shown to be the most useful for studying the glycosaminoglycan content of a given material. To study the GAGS present in an organ by means of chemical assays, small fragments are washed with acetone, subjected to proteolytic digestion, alkaline hydrolysis, and alcoholic precipitation.
The isolated GAGS are identified by agarose gel electrophoresis (by comparing the electrophoretic migration of the GAGS contained in the sample with that of standard GAGS; Fig. 18 ). Glycosaminoglycan quantitation is performed by densitometry of Toluidine Blue-stained electrophoretic slides (DIETRICH and DIETRICH, 1976) .
Enzymatic digestions
The loss of cartilage matrix which results from the intravenous injection of the nonspecific protease papain (THOMAS, 1956) illustrates the importance of the protein core to the structural integrity of the proteoglycan.
Thus, for extracting proteoglycans from organs, homogenates are submitted to papain digestion. Papain degrades the protein core of proteoglycans and, thereby, the constituent GAGS that were bound to the protein core are released into the supernatant, which is then assayed for its glycosaminoglycan content. Papain digestion has also been performed on tissue sections (THYBERG, LOHMANDER and FRIBERG, 1973; SHEPARD and MITCHELL, 1977; JUNQUEIRA et al., 1980a) . Degradation of the glycosaminoglycan chains of proteoglycans requires enzymes of greater specificity than those required for degradation of the protein core. Specific bacterial mucopolysaccharidases have been used to identify GAGS by comparing the electrophoretic migration of the GAGS contained in control and digested samples (DIETRICH and DIETRICH, 1972) . Among the specific mucopolysaccharidases, the most well known are: chondroitinase AC (E. C. 4.2.2.5.) and chondroitinase ABC (E. C. 4.2. 2.4). Chondroitinase AC degrades chondroitin 4-sulfate (A) and chondroitin 6-sulfate (C), and is devoid of proteolytic activity.
Chondroitinase ABC degrades dermatan sulfate (B) in addition to chondroitin sulfates A and C. Adapted strains of Flavobacterium heparinum produce chondroitinases and other enzymes that degrade heparan sulfate and heparin (Fig. 19) . Degradation using these specific mucopolysaccharidases associated with histochemical methods have also been used for localizing the different GAGS in tissues by means of either light or electron microscopy (YAMADA and HosHINO, 1973; MORALES et al., 1980; .
The fact that the acid groups of GAGS bind to the basic groups of collagen, suggests that the highly hydrophilic GAGS (which are accordingly very soluble in water) may be held in the extracellular matrix by means of their interaction with collagen. This has recently been demonstrated since collagenase digestion (which degrades collagen specifically) releases GAGS into the supernatant . Densitometry of the electrophoretic slides from the control and enzymedigested glycosaminoglycans from the inner muscular layer of the dog small intestine. A. The control curve presents a high peak (87%) with the electrophoretic mobility of standard heparan sulfate (h), and a small peak (13%) corresponding to dermatan sulfate (d). B. All these glycosaminoglycans are resistant to chondroitinase AC (chase ac) degradation, which shows that they are not affected by the enzyme which degrades chondroitin sulfates AC (c) specifically. C. The digestion with chondroitinase ABC (chase abc) promotes the disappearance of the small peak, showing that it corresponds to chondroitin sulfate B (dermatan sulfate). D. All the glycosaminoglycans are susceptible to enzymatic degradation by a crude extract from induced Flavobacterium heparinum (f. h.) containing, in addition to chondroitinases, enzymes which degrade heparan sulfate and heparin. (Reproduced, with permission, from MONTES et al., 1980) A B C D
IV. COLLAGEN-PROTEOGLYCAN INTERACTION
A. General considerations
The occurrence of collagen-proteoglycan interaction is mainly due to a cooperative electrostatic binding between the acid groups of the GAGS and the amino groups present in the side chains of collagen lysyl and arginyl residues. The fact that polar aminoacid residues are accumulated in clusters along the collagen molecule probably explains why proteoglycans attach to collagen with a periodical pattern.
Although much has been published regarding in vitro studies on collagenproteoglycan interaction, papers on proteoglycan morphology, and on their interaction with collagen in tissues, are few and almost limited to cartilage (HascALL and HascALL, 1981) . Recently, however, a method has been developed that permits the quantitative estimation of this interaction in tissue sections (JUNQUEIRA et al., 1980a ). This method is based on the quantitation of the collagen amino groups that are blocked by the interaction with the proteoglycan acid radicals.
These blocked groups cannot, therefore, bind to the anionic dye Sirius Red, thus reducing the stainability of tissue sections. When adjacent sections are treated with papain, the proteoglycans are hydrolyzed, Fig. 20. Diagrammatic representation of the different steps in the process of quantifying collagen-proteoglycan interaction in tissue sections. Two adjacent serial sections are used: one of the sections (I) is submitted to papain digestion which degrades proteoglycans (PG) and, thus, unmasks the basic groups (BG) of collagen to which the acid radicals of proteoglycans were bound; the other section (II) acts as the control: four of the basic groups of collagen are bound to acid radicals of the proteoglycans (0) and the other six basic groups of collagen are free. Both sections are then stained in the Picrosirius solution; Sirius red (*)-being a strongly acidic dye-binds to the available basic groups of collagen. In the next step, the Sirius red bound to both the control and papain-digested sections is eluted in dilute sodium hydroxide and measured in a spectrophotometer: while 1000 of the basic groups of collagen were bound to Sirius red (SR) in the digested sections, only 600 of the basic groups of collagen were bound to Sirius red in the control section, thus indicating that 40% of the basic groups of collagen are blocked due to collagen-proteoglycan interaction.
(The fact that the unmasking of the basic groups of collagen promoted by papain digestion results in an increased stainability by Sirius red which-in turn-is responsible for an enhancement in birefringence, is illustrated in Figure 32 ). and the previously blocked amino groups are liberated, thereby increasing the stainability of these sections. In the next step, the Sirius Red bound to both control-and papain-treated sections is eluted in dilute sodium hydroxide and measured in a spectrophotometer.
Thus, the difference in the amount of dye present in control-and papaindigested sections measures the amino groups blocked due to collagen-proteoglycan interaction (Fig. 20) .
When this method was applied to different tissues containing different collagen types from sections of organs obtained from representative species of vertebrates, in all cases studied it showed a close relation between the type of collagen and the intensity of its interaction with proteoglycans.
Thus, collagen type II shows high levels of interaction with proteoglycans, whereas collagen type I displays very low levels of interaction with proteoglycans.
Collagen type III shows intermediate levels of interaction (Table 5) .
In another report it was shown that the type and amount of proteoglycans present in tissues also varies according to the type of collagen the sample contains (JUNQUEIRA, TOLEDO and MoNTES, 1981) . Thus, tissues composed of collagen type I possess small amounts of proteoglycans which contain almost exclusively dermatan sulfate; while tissues containing only collagen type II have high amounts of chondroitin sulfates. Collagen type III is the major fibrillary constituent of tissues that possess intermediate levels of proteoglycans, which contain great amounts of heparan sulfate (Table 6 ; Fig.  18 ).
These studies show that not only does the amount of proteoglycans vary according to the type of collagen present in the tissues, but also the type of the constituent glycosaminoglycan is specifically related to the type of interstitial collagen that the studied tissue contains.
These conclusions are important for interpreting the morphologic aspects observed in the electron microscopy of the different types of collagen, aspects that can contribute toward distinguishing them when studying collagen type distribution with the aid of the electron microscope.
Thus, one can easily understand why collagen fibers (composed of collagen type I), that contain a small amount of proteoglycans and interact weakly with these com- pounds, present their fibrils compactly disposed and show very few branched structures connecting these fibrils (Fig. 1, 3 ). It also explains why hyaline and elastic cartilages, which contain collagen type II and are rich in proteoglycans (which strongly interact with the collagen present) show their fibrils widely separated from one another, and the space between them is filled with coarse granules and multiform branched structures that have been identified as proteoglycans (SHEPARD and MITCHELL, 1976) (Fig. 14, 25 ). It is interesting to observe that the cross striation of collagen fibrils is hardly recognizable in normal cartilage and other proteoglycan-rich tissues, and that this striation becomes clearly evident after digestion with papain (Fig. 25, 27 ). This fact strongly suggests that, in cartilage, the "stainability" of collagen cross striation is inhibited due to the interaction with proteoglycans that not only block reactive (amino) groups but also form a highly hydrophilic viscous enveloping layer that may difficult the access of "staining" material to the collagen fibrils.
This possibility should be kept in mind for it can be an important factor in hindering efforts to obtain results with immunohistological methods in the study of the distribution of different collagen types.
Collagen type III (present in the reticular fibers), which shows intermediate levels of interaction with proteoglycans, presents a less compact disposition of its fibrils when compared to that of collagen fibers and shows a net of multiform branched structures binding its fibrils (Fig. 4) .
The above-mentioned aspects strongly suggest that collagen-proteoglycan interaction has an obvious structural role in tissues lending to them a characteristic elasticity by imparting resistance to pressure that acts like a biological spring. The importance of collagen-proteoglycan interaction has been observed in several biological models-of which four examples will be cited here. In the first three, the hydrolysis of proteoglycans, or of collagen, lead to clear cut changes in the characteristics of the tissue studied. The fourth example suggests that, in certain tissues, GAGS are held in the intercellular matrix by means of their interaction with collagen. In this experimental model, the injection of papain promotes the hydrolysis of the ear cartilage proteoglycans, resulting in a loss of turgidity of the ear, which then collapses (Fig. 21) . The ear cartilage, which is strongly alcianophilic before papain injection, contrasts with the biopsy specimens obtained from the same tissue after the injection (THOMAS, 1956) (Fig. 22) . Since papain degrades the protein core of proteoglycans, the constituent GAGS (chondroitin sulfates) are released, resulting in a loss of alcianophilia of the cartilage matrix.
As papain does not affect collagen, the integrity of the ear is maintained; however, its normal rigidity is lost. These results show that proteoglycans are essential to matrix resiliency. Photographs of the sea cucumber, Stichopus badionolus. A. Control animal. B. Ten minutes after an unusually strong stimulation, white spots begin to show up in the surface (arrows). These spots gradually increase in number and size, coalesce, and after 30 min the whole body becomes white and soft, and starts flowing down.
The body wall that normally possesses a cartilage-like color and rigidity, becomes a soft viscous mass which assumes a striated appearance, longitudinally ridging, and shows a surface iridescence similar to that of a tendon. About 60 min after stimulation, the whole body wall has undergone this process (C). Photograph of a rabbit, 20 hrs after it was injected intravenously with a solution of papain.
Observe that the ear pavilion has lost its normal rigidity and hangs down on the side of the head, rather like the ears of spaniels. 
The phenomenon of autotomy in holothurians
Several species of sea cucumbers (Echinodermata-Holothuroidea), when disturbed, can segment their body into various pieces. This phenomenon of self-separation of body portions, known as autotomy, is preceded by a quick local softening of regions of its body wall, followed by a contraction that divides the animal into two or more parts. Unusually strong stimulation induces a rapid and total softening of the body wall of these animals (Fig. 23) .
Results obtained studying the sea cucumber Stichopus badionotus (JUNQUEIRA et al., 1980b) showed that the body wall is formed mainly of a three-dimensional network of fibers embedded in an amorphous matrix rich in sulfated glycans (Fig. 24) . Electron microscopy showed that these collagen fibers were composed of collagen fibrils which were bound to each other by multiform branching structures that were the equivalent of the proteoglycans described in vertebrate cartilages (Fig. 25) .
In stimulated animals, collagen fibers of the softened body wall (obtained from regions where the tissue was "melting down") showed a different arrangement.
They were predominantly oriented in one direction, due to the flowing of the softened material that was induced by gravity (Fig. 26) . It was suggested that the softening of the body wall was due to the activity of a protease that hydrolyzed the proteoglycans Electron micrograph of the body wall of a control sea cucumber. Collagen fibrils are irregularly impregnated by uranyl and lead. The ground substance possesses microfibrils which bind the collagen fibrils to one another (arrowheads).
x 31,800. (Reproduced, with permission, from JUNQUEIRA et al., 1980b) which were bound to collagen and thus helped maintain the integrity of the threedimensional network of collagen fibers.
Indeed, experimental softening of the body wall was obtained by incubating this tissue with papain. It is noteworthy that the collagen fibrils in the softened body wall were not bound to each other by the multiform branching structures which were typical of the control specimens (Fig. 27) .
The fact that a decrease in the normal collagen-proteoglycan interaction (promoted by the hydrolysis of proteoglycans due to activation of an endogenous protease) is responsible for the softening of the body wall during autotomy, shows that-conversely by interacting with collagen, proteoglycans are responsible for the rigidity of the body wall.
Cervical dilation during parturition
Since the demonstration that the uterine cervix is composed predominantly of collagen fibers embedded in an amorphous matrix, it has become evident that dilation of the cervix should be explained by changes in the components of its connective tissue.
The apparent discrepancy between the relatively moderate biochemical variations of the cervix and the dramatic changes in its morphological and physical properties, which allow expulsion of the fetus, has recently been explained (JUNQUEIRA et al., 1980c) . Evidence was obtained that this phenomenon is due to an intense process of local collagenolysis, without parallel changes in the proteoglycans present in this tissue. Section of the softened body wall of a sea cucumber that was undergoing autotomy. Observe that collagen fibers are disposed in a parallel orientation.
Picrosirius-polarization method. x 320. (Reproduced, with permission, from JUNQUELRA et al., 1980b) 26 The study of intrapartum cervices by the Picrosirius-polarization method disclosed that their collagen fibers were fragmented, contrasting with the collagen fibers in nonpregnant controls. Evidence that indicated the presence of a widespread collagenolysis in the intrapartum biopsy specimens was also obtained by electron microscopy (Fig. 28-31) .
Cervical dilation (which occurs immediately before delivery, due to the conspicuous softening of the uterine cervix, whose tissue is normally very hard) depends on the hydrolysis of collagen; contrasting with the two examples of tissue softening described above in which the clear cut changes in the characteristics of the tissues studied were induced by the hydrolysis of the proteoglycans.
Fish caytilages
It has been recently reported that different cartilages obtained from several species of fishes display histochemical characteristics which suggest that some GAGs occur free in the matrix and, thus, not all of them are bound to protein cores to form proteoglycans JuNQUEIRA et al., 1983b) .
Papain-digested sections of these specimens of cartilages show only a slight increase in the birefringence of Picrosirius-stained slides when compared to control sections; while chondroitinase AC digestion promotes a stronger enhancement in birefringence. As papain degrades the protein core of proteoglycans, it releases the GAGS that were bound to these protein cores; papain digestion of tissue sections should liberate all GAGS that constitute proteoglycans and, as a result, unmask the basic groups of collagen that were bound to GAGs. This has been shown to be true for caytilages of other vertebrates (JUNQUEIRA et al., 1980a) , and the unmasking of the basic groups of collagen that was promoted by papain digestion resulted in an increase in collagen stainability by Sirius Red which, in turn, was responsible for the enhancement in birefringence that could be detected in papain-digested tissue sections when compared with the controls (Fig. 32) .
However, in the fish cartilages studied, papain digestion did not promote a strong enhancement in birefringence while chondroitinase AC digestion did. These results suggest that, although the acid radicals of GAGS interact with the basic groups of collagen in this cartilage; not all of these GAGS are bound to protein cores to form proteoglycans which should be susceptible to papain digestion.
The fact that, contrasting with the results obtained by papain digestion, chondroitinase AC degradation of GAGS promoted a strong increase in the birefringence of Picrosirius-stained sections suggests that not all of the GAGS in these cartilages are bound to protein cores to form proteoglycans. Section of a non-pregnant human uterine cervix.
Observe that collagen appears as bundles of continuous, densely packed fibers.
Picrosirius-polarization method. Electron micrograph of a non-pregnant human uterine cervix. Observe the close packing of collagen fibrils forming collagen fibers.
x 17,000 Biopsy specimen from an intrapartum human uterine cervix. Note the great reduction in the amount of collagen fibrils; a diffuse granular deposit occupies most of the area normally filled by collagen fibrils.
Observe the variable diameters of the transverselly sectioned fibrils that are being degraded.
The electron microscopic picture of collagen degradation shows a corroded aspect, particularly obvious in transverse sections where fibrils show a ragged and irregular outline.
x 20,000
Thus, these results suggest that in the fish cartilages studied, the GAGs exist either hound to a protein core as a complex (the so-called proteoglycans), or not bound to protein cores. This second group of GAGs, which do not form proteoglycans, may be held in the cartilage matrix by means of their interaction with collagen.
In fact, histochemical evidence suggests that a great amount of GAGs are held in these cartilages by means of their interaction with collagen, since the cartilages studied displayed a weak alcianophilia; however, this alcianophilia is strongly increased after collagenase digestion.
As Alcian Blue reacts with acid groups of GAGs, the abovementioned results strongly suggest that many of the acid groups of GAGs are bound to the basic groups of collagen in the cartilages studied. Unmasking of the acid groups of GAGs bound to collagen, after collagenase digestion, produces the increased alcianophilia. Papain-digested (A) and control (B) sections of hyaline cartilage stained in the Picrosirius solution and observed with conventional (left) and polarizing (right) microscopy. Papain digestion hydrolyzes proteoglycans and, thus, unmasks the basic groups of collagen that were bound to the acid groups of glycosaminoglycans.
The unmasking of the basic groups of collagen results in an increase in collagen stainability by Sirius Red which, in turn, is responsible for the enhancement in birefringence observed in the papain-digested section when compared with the control. A: x 270, B: x 440 A B It is noteworthy that, in addition to the two pools of GAGS proposed to exist in these cartilages by the histochemical observations discussed, the biochemical results reported in one of the above-mentioned papers (JUNQUEIRA et al., 1983b) show that about half of the amount of the GAGS detected were found to be non-sulfated, indicating that there are also two biochemically distinct groups of GAGS. The non-sulfated chondroitin glycan is probably a component of the proteoglycans, and this might explain why-as they do not interact with the basic groups of collagen-papain digestion does not unmask these groups and, consequently, does not increase collagen stainability by Sirius Red.
These seem to be the only examples so far reported on the existence of GAGS that are not bound to protein cores to form proteoglycans in normal tissues, since the other examples that have been published claim that mice homozygous for the autosomal recessive gene, cartilage matrix deficiency, are defective in the synthesis of the cartilage proteoglycan core protein (KIMATA et al., 1981) ; and that this might also be the case in cartilages from nanomelic chick embryos (PENNYPACKER and GOETINCx,1976) .
The histochemical observations discussed above, together with the biochemical finding that incubation of fish cartilage with collagenase promotes the release of GAGs into the supernatant , strongly suggest that collagen-glycosaminoglycan interaction is of the utmost importance for the integrity of the fish cartilages studied in the above-mentioned reports.
C.
Concluding remarks
Recent progress in molecular biology has shown that many cell functions are brought about by an interaction among macromolecules (BERKALOFF et al., 1981) . Thus, cellular motion is attributed to sliding of actin filaments with respect to myosin, or slidingmicrotubule mechanisms, among others. It is also well known that the interaction between histones, acid proteins and DNA controls the activity of chromosomes and genes. Investigations on the mechanism of the action of hormones have shown that, in order to regulate cellular function, hormones interact with specific receptors in the target cell. In addition, the current interpretation of phagocytic events assumes that, during phagocytosis, ligands on the particle interact with surface receptors in the membrane of the phagocyte. The different biological models that have been reviewed in this article illustrate that the interaction among macromolecules is also important in the extracellular matrix, and point at collagen-proteoglycan interaction as being essential to tissue resiliency. Collagen, in coevolution with other macromolecules of the extracellular matrix such as proteoglycans, has largely contributed to accomodating functional diversity (MATHEWS, 1980) . The remarkable progress that has been made in recent years in our knowledge of connective tissue macromolecular composition and assembly has demonstrated the existence of a striking correlation between the tissue distribution of the genetically-distinct types of interstitial collagen and the different GAGS, which speaks strongly in favor of a specific interaction (JUNQUEIRA, TOLEDO and MONTES, 1981) .
The significance of the interaction of proteoglycans with collagen is underscored by the fact that almost all the proteoglycans present in tissues are associated with collagen, while a very small fraction of the GAGS extracted from tissues is of intracellular origin and of immediate pericellular location (LIS and MoNIS,1979) . It is noteworthy that, though it is known that the amount of extracellular GAGS grows linearly with time in cultures of fibroblasts, as short a period as 72 hr of incubation in radioactive medium has shown that 66°0 of the labeled GAGS obtained from cultures of this cell type are secreted into the extracellular environment, while only the remaining 340 are located in the intracellular and pericellular compartments (MouRAo, PILLAI and DONNELLY, 1983) .
Moreover, among different organs within the same species, the glycosaminoglycan content correlates positively with the amount of collagen that each organ is known to contain, since parenchymatous organs possessing small quantities of connective tissue stroma (e.g., the brain, pancreas, liver) have a low content of GAGS despite the great number of cells that forms these organs; while other organs known to be rich in collagen containing connective tissue stroma (e.g., the aorta, skin, lung) possess large quantities of GAGS (TOLEDO and DIETRICH, 1977) . The fact that unpublished results from this laboratory have shown that collagenase digestion extracts almost the same amount of GAGS from organs as papain digestion does, also argues strongly in favour of the existence of a relatively very small amount of proteoglycans which do not interact with collagen in tissues.
This discussion shows that the proteoglycans which interact with collagen constitute the major source of the GAGS extracted from whole organs, whereas relatively very small amounts of the GAGS present in tissues affect the organization of the cytoplasm via putative receptors in the plasmalemma, and thereby influence the shape, mobility, differentiation, and other functions of the cell.
Considering the limit of detection of the sulfated GAGS by the method used, and that the error of the quantitation is of the order of ± 4.5%, it is clearly evident that almost all the GAGS extracted, identified, and quantitated in different tissues and organs are components of the proteoglycans which interact with collagen. Thus, the facts considered in the foregoing discussion indicate that, in the light of the method used and the results obtained, the conclusions drawn regarding the glycosaminoglycan biological role in cell function (DIETRICH et al., 1977; TOLEDO and DIETRICH, 1977; DIETRIcH et al., 1982) are not acceptable and, therefore, the whole hypothesis (proposing that the GAGS extracted from whole organs by such a procedure play a major part in cell physiology) will have to be carefully reconsidered.
